Objective: To assess, in a surgical biopsy cohort of active demyelinating lesions, the diagnostic utility of aquaporin-4 (AQP4) immunohistochemistry in identifying neuromyelitis optica (NMO) or NMO spectrum disorder (NMOSD) and describe pathologic features that should prompt AQP4 immunohistochemical analysis and AQP4-immunoglobulin G (IgG) serologic testing.
Neuromyelitis optica (NMO) is an autoimmune disease characterized by recurrent optic neuritis (ON) and transverse myelitis (TM). A circulating autoantibody (aquaporin-4 [AQP4]-immunoglobulin G [IgG]) distinguishes NMO from multiple sclerosis (MS). 1 AQP4-IgG targets astrocytes, binding to the ectodomain of AQP4, 2 the principal CNS water channel, resulting in primary astrocyte damage and secondary demyelination. 3, 4 Although originally considered a disease confined to optic nerves and spinal cord, a broad spectrum of clinical disorders referred to as NMO spectrum disorders (NMOSD) are now recognized, unified by detection of serum or CSF AQP4-IgG. [5] [6] [7] [8] [9] [10] Historically, a negative brain MRI was typical of NMO. [11] [12] [13] However, 60% of NMO patients show MRI brain abnormalities, 12 often in regions enriched for AQP4. 14, 15 Brain lesions may be the initial presentation and tumefactive in nature. 13, 16, 17 Neuropathologic features at autopsy distinguishing NMO from MS include astrocytic damage, granulocytes, vascular hyalinization, vasculocentric complement deposition, myelin vacuolation, and AQP4 loss in active demyelinating lesions. 3, 4, [18] [19] [20] Although AQP4-IgG supports NMO/NMOSD diagnosis, NMO/ NMOSD may not be considered in patients presenting with mass-like or atypical lesions, leading to biopsy typically to exclude tumor. 21 When the NMO/NMOSD diagnosis eludes the neurologist, the neuropathologist may suggest this diagnosis based on biopsy findings.
We describe pathologic features and clinical course in patients who underwent brain or spinal cord biopsy that was initially interpreted as active demyelinating disease, but who subsequently were clinically or serologically diagnosed with NMO/NMOSD. The recognition of specific pathologic features suggestive of NMO on biopsies should prompt AQP4 immunohistochemistry and AQP4-IgG serologic testing as part of the diagnostic workup.
METHODS Standard protocol approvals, registrations, and patient consents. This cohort study was approved by the Mayo Clinic Institutional Review Board (IRB 2067-99) and the University Medical Center Göttingen ethical review committee (19-9-10) . Brain biopsies were obtained within the context of routine clinical care, and consent was obtained by the treating physician. No individual underwent surgery for research purposes.
Study cohort. Inclusion criteria were (1) surgical spinal cord or brain biopsy with a pathologic diagnosis of active inflammatory demyelinating disease confirmed by a Mayo neuropathologist;
(2) sufficient tissue ($1 mm 2 ); (3) reliable tissue staining; (4) presence of active demyelinating lesions as defined by the presence of macrophages containing myelin debris immunoreactive for myelin proteins (proteolipid protein [PLP], myelin oligodendrocyte glycoprotein [MOG], or myelin-associated glycoprotein [MAG]; figure 1) 22 ; and (5) at least 2 of 3 neuropathologic features considered unusual for inflammatory demyelination consistent with MS: (a) tissue vacuolation 23 ; (b) granulocytic parenchymal or perivascular inflammatory infiltrates 19 ; or (c) evidence of astrocyte injury (dystrophic astrocytes defined as small glial fibrillary acid protein [GFAP]-positive astrocytes with few short and blunted processes, 18 or macrophages containing GFAP-positive degradation products 20 ).
In the context of Mayo Clinic's extramural consultative pathologic practice, 20 biopsies (19 patients) were diagnosed with active inflammatory demyelination by a Mayo neuropathologist over the past 4 years and met study inclusion. A single patient had 2 biopsies (1 brain/1 spinal cord). Eleven of the 20 biopsies were from spinal cord (6 cervical, 3 thoracic, 2 not specified), and 9 from brain (3 parietal, 1 occipital, 1 temporal, 2 frontal, 1 cerebellum, and 1 not specified). Five biopsies were initially misinterpreted at the local institutions as spinal cord tumor (1), arteriovenous malformation (1), brain astrocytoma (1), or nondiagnostic (2).
Histopathology. Initial biopsy diagnostic pathologic evaluation involved histochemical staining of formalin-fixed paraffinembedded sections with hematoxylin & eosin, Luxol fast blue (LFB)/periodic acid-Schiff or LFB/hematoxylin & eosin, and Bielschowsky silver impregnation and immunohistochemical staining by avidin-biotin or alkaline phosphatase/antialkaline phosphatase technique without modification, 24 using primary antibodies specific for GFAP (mouse monoclonal 1:4,000; Dako Denmark, Glostrup), neurofilament protein (mouse monoclonal 1:800; Dako Denmark), T lymphocytes (CD3, rat monoclonal 1:400; Serotec, Oxford, UK), cytotoxic T lymphocytes (CD8, mouse monoclonal 1:50; Dako Denmark), B lymphocytes (CD20, mouse monoclonal; Dako Denmark), plasma cells (CD138, mouse monoclonal; Dako Denmark), and macrophages/microglial cells (CD68, mouse monoclonal 1:100; Dako Denmark).
Additional immunohistochemical analyses on a research basis were performed using primary antibodies specific for PLP (rabbit polyclonal 1:500; Serotec), 2939-cyclic-nucleotide 39-phosphodiesterase (CNPase, mouse monoclonal 1:2,000; Covance, MD), MOG (mouse monoclonal 1:200; gift from Dr. Sarah Piddlesden, Cardiff, UK), MAG (mouse monoclonal 1:10; Chemicon, Billerica, MA), macrophages/microglial cells (KiM1P, mouse monoclonal 1:1,000; gift from Dr. Radzun, University of Göttingen, Germany), and 3 different anti-C9neo antibodies (complement C9neo antigen, activated terminal complement: [1] clone B7; [2] pc, directed against human complement; and [3] pc, directed against rat complement) (1:200; antibodies from Prof. Morgan, Cardiff, UK).
Because AQP4 loss or decrease in active demyelinating lesions is a neuropathologic hallmark of NMO/NMOSD and can distinguish in autopsy tissues NMO/NMOSD from MS in which AQP4 is increased, 3, 4, 25 we performed AQP4 immunohistochemistry to determine its pattern of immunoreactivity (affinity-purified rabbit polyclonal 1:250; Sigma-Aldrich, St. Louis, MO). Tissues were exposed to primary antibodies overnight, at 4°C. Primary antibodies were omitted in control staining. Antigen retrieval was performed as previously described. 4, 19 Clinical characteristics. Clinical information was obtained via multiple sources: medical record review (n 5 20), face-to-face encounter and examination (n 5 10), and family or physician contact (n 5 9). The following details were recorded: sex, age at disease onset and biopsy, presenting symptoms, date of relapses, nature and timing of relapses relative to biopsy (i.e., unilateral or bilateral ON, TM, intractable nausea, vomiting or hiccups, brain syndrome), disease duration, diagnosis at last follow-up according to established criteria (i.e., NMO, NMOSD, MS, or other), and if applicable, date of death.
Serologic AQP4-IgG testing. No patient was tested for AQP4-IgG prior to biopsy. Postbiopsy testing was performed by the Mayo Neuroimmunologic laboratory in 16 patients meeting inclusion criteria by mouse tissue-based indirect immunofluorescence, ELISA, or AQP4-transfected cell-binding assay (Euroimmun; Lübeck, Germany). RESULTS AQP4 immunohistochemistry. Autopsy studies have previously described the loss of AQP4 in active demyelinating NMO lesions. In contrast, active MS lesions show increased AQP4 immunoreactivity, particularly on astrocyte surface membranes, relative to the normal AQP4 baseline expression. 4 Among the 20 surgical biopsies with active demyelination meeting inclusion criteria, perivascular and astrocyte surface AQP4 immunoreactivity was lost in 18 (figure 2, A, B, D-E). Five of these 18 biopsies demonstrated occasional astrocytes (figure 2, E and F, arrows) and astrocytic profiles (figure 2, E and F, arrowheads) with AQP4-immunoreactive foci, and a single biopsy had AQP4-immunoreactive degradation products within macrophages (figure 2E, arrow). In contrast, in 2 biopsies, AQP4 immunoreactivity was increased within the active demyelinated lesion, outlining the astrocytic surface membranes (figure 2, G and H, arrows) with preservation of the rim and rosette vasculocentric distribution pattern of normal AQP4 immunoreactivity (figure 2, H and I, asterisks). Periplaque white matter (PPWM) was present in 14 biopsies. AQP4 immunoreactivity was increased in the PPWM in 12 biopsies (11 with lesional AQP4 loss, 1 with lesional AQP4 increase) (figure 2C) and was decreased in 3 biopsies.
Astrocyte pathology. We observed dystrophic astrocytes characterized by short and blunted processes in 18 of the 20 biopsies (figure 3, A-G). Two biopsies lacked dystrophic astrocytes: 1 AQP4 loss biopsy displayed pronounced fibrillary gliosis; the other biopsy had increased AQP4 immunoreactivity and numerous reactive gemistocytic astrocytes (figure 3, H and I). Macrophages in active demyelinating regions contained GFAPimmunoreactive astrocytic degradation products in 16 biopsies (14 with AQP4 loss; 2 with increased AQP4 immunoreactivity) (figure 3, C and F, white arrows).
All 18 biopsies with AQP4 loss lacked classical Creutzfeldt-Peters cells, but occasional mitotic astrocytes were noted. Creutzfeldt-Peters cells were present in 1 of the 2 biopsies with increased AQP4 immunoreactivity (figure 3, H and I, arrows). Myelin pathology. Nineteen biopsies (18 with AQP4 loss; 1 with AQP4 increase) exhibited tissue and myelin vacuolation within the active demyelinating regions or the adjacent PPWM consistent with edema ( figure 4 , A-C and G), while 1 biopsy with increased AQP4 immunoreactivity did not. Three biopsies with AQP4 loss contained cortex besides white matter, but no cortical demyelinating lesions were observed.
Vascular pathology. Nonspecific vascular thickening and hyalinization was noted in numerous small blood vessels in 17 of 20 biopsies (16 biopsies with AQP4 loss; 1 with increased AQP4 IR) (figure 4, E and F). complement activation products in a perivascular rim or rosette pattern. Figure 5A summarizes the frequency of pathologic features among the biopsy cohort, segregated according to whether AQP4 immunoreactivity is lost or increased in active demyelinating lesions.
Clinical and serologic features of the biopsy cohort. Figure 5A summarizes clinical and serologic outcomes in the AQP4 loss or AQP4 increase cohorts. Among the AQP4 loss cohort (17 patients; 14 female/3 male), the average age at biopsy was 50.5 years (range 9-83) and the median time from disease onset to first biopsy was 3 months (range 1 week-15 years). Presenting symptoms were brain onset in 7 (including intractable nausea and vomiting in 2), spinal cord onset in 8, and optic nerve onset in 2. A single case had 2 biopsies separated by a 26-year interval. This patient initially presented with an ataxic syndrome and cerebellar lesion biopsied at age 9, and then had an episode of longitudinally extensive TM (LETM) and was biopsied at the local institution at age 35 (case 2 in figure 5B ). Both biopsies revealed loss of AQP4 immunoreactivity related to blood vessels and astrocyte surface membranes.
AQP4-IgG was positive in all 14 cases pathologically characterized by AQP4 loss with serum available (figure 5A). Serologic testing was done after spinal cord or brain biopsy in all, the interval postbiopsy ranging from weeks to .26 years. Diagnosis at last follow-up in the AQP4 loss cohort was NMO (6 patients [1 diagnosed at autopsy]), NMOSD (9), relapsing LETM (1), and LETM (1). Figure 5B illustrates the clinical course relative to biopsy in the AQP4 loss cohort. Both biopsies with increased AQP4 immunoreactivity were from women (age 34 and 44 years at biopsy); the median time from disease onset to biopsy was 1 month and 6 months, respectively. Both had brain presentations. AQP4-IgG testing was negative in both, and diagnosis at last follow-up was MS according to McDonald criteria. DISCUSSION Our study highlights the potential diagnostic utility of AQP4 immunohistochemistry to help identify active demyelinating surgical biopsies suggestive of NMO/NMOSD. Archival autopsy neuropathologic studies have indicated AQP4 loss as a pathologic hallmark of active NMO lesions. 3, 19 However, several additional histopathologic hallmarks have been suggested to be more typical of NMO/ NMOSD than MS. These include (1) myelin and tissue vacuolation 23 ; (2) granulocytic inflammatory infiltrates 19 ; (3) dystrophic astrocytes 18 ; and (4) macrophages containing GFAP-positive debris. 20 Previous case reports and small studies on NMO biopsies have reported the usefulness of detecting the loss of AQP4 immunoreactivity, the presence of dystrophic astrocytes, and the presence of vascular wall thickening for the diagnosis of biopsied NMO lesions. 18, 21, 26, 27 However, in the majority of these studies, the diagnosis of NMO/NMOSD was known before the biopsy interpretation or the fulfilment of NMO/NMOSD diagnostic criteria or seropositivity for AQP4-IgG led to biopsy reassessment. Our study is the first to assess the potential diagnostic utility of AQP4 immunohistochemistry for NMO/NMOSD in a prospective manner. The identification of 20 surgical biopsies from 19 patients exhibiting active demyelination with a combination of the above MS-unusual histopathologic features prompted us to perform AQP4 immunohistochemistry on a research basis using a commercially available antibody. We found AQP4 was lost or decreased in active demyelinating lesions in 18 biopsies (17 patients). This led us to test serum retrospectively (available from 14 cases), and review of clinical and imaging information confirmed the diagnosis of NMO/NMOSD in 15 patients. Two additional AQP4 loss patients without available serum had a diagnosis of relapsing LETM or LETM, respectively, at last follow-up. In contrast, astrocytic and perivascular AQP4 immunoreactivity in active demyelinating lesions in surgical biopsies from 2 patients was increased relative to baseline normal AQP4 immunoreactivity. 4 Both were negative for serum AQP4-IgG, and follow-up confirmed a diagnosis of relapsing-remitting MS. Both of these MS cases demonstrated several histopathologic features that have also been described in NMO (i.e., myelin vacuolation, granulocytes, dystrophic astrocytes), underscoring the utility of AQP4 immunohistochemistry to help discriminate between NMO and MS on biopsy.
The accurate classification of demyelinating activity within NMO lesions is crucial for interpreting AQP4 immunohistochemistry. Early NMO lesions can demonstrate AQP4 loss in the absence of obvious demyelination; more advanced lesions are typically demyelinated. 3, 4 Demyelinating lesions can be classified by the presence or absence of myelin degradation products within macrophages. Macrophages in acute active lesions contain myelin degradation products that stain with LFB and are immunoreactive for both minor myelin proteins (MOG, MAG, CNPase) and major myelin products (PLP, MBP), whereas macrophages in inactive lesions do not contain either LFB-positive or myelin immunoreactive intracytoplasmic debris. 22 While some investigators reported that AQP4 loss is seen not only in NMO/NMOSD, but also in MS and Balo concentric sclerosis, 28 we and others have shown in archival autopsy material that AQP4 is lost in NMO lesions irrespective of the demyelinating activity stage, whereas AQP4 in MS lesions is increased in active but lost in inactive lesions. 3, 4 Similarly, in the present surgical biopsy cohort, all 17 cases ultimately diagnosed as NMO, NMOSD, or LETM demonstrated active demyelination with AQP4 loss whereas the 2 MS cases with active demyelination had increased AQP4 immunoreactivity. Moreover, NMO cases with Balo-like lesions have been previously reported, and further studies are required to assess the significance and value of AQP4 immunohistochemistry in Balo concentric sclerosis. 29 Unlike active lesions, AQP4 immunoreactivity was increased in the PPWM adjacent to active demyelinated lesions in both NMO and MS. Therefore, AQP4 immunohistochemistry of PPWM cannot reliably differentiate these 2 conditions. Active demyelination associated with myelin and tissue vacuolation, granulocytic inflammatory infiltrates, dystrophic astrocytes, macrophages containing GFAP-positive debris, complement activation, blood vessel thickening, or absence of Creutzfeldt-Peters cells in surgical biopsies suggest NMO/NMOSD and should prompt AQP4 immunohistochemistry. These neuropathologic features are consistent with antibody-mediated primary destruction of astrocytes in NMO and secondary demyelination. 3, 4, [18] [19] [20] The astrocytic profiles containing AQP4 immunoreactive foci we describe in NMO but not MS lesions likely represent remnants of astrocytic processes, and are consistent with both complement-mediated destruction of astrocytes and AQP4 internalization by astrocytes following binding of AQP4-IgG to AQP4. 23 While they may represent a useful histopathologic feature that may help in differentiating NMO from MS, their absence should not dismiss the possibility of NMO considering that a minority of NMO cases showed the presence of such astrocyte profiles. Although common in NMO lesions and rare in MS, granulocytic inflammatory infiltrates are not entirely specific and can occur in other destructive demyelinating etiologies including fulminant MS or acute disseminated encephalomyelitis.
Myelin vacuolation in active demyelinating lesions and normal-appearing white matter as seen in all NMO/NMOSD biopsies is consistent with in vitro demonstrations that binding of AQP4-IgG to AQP4 disrupts water homeostasis via AQP4 internalization or direct blockade of water flux. 23 Myelin vacuolation is the pathologic hallmark of fluid accumulation within myelin and is considered a sensitive marker of injury to the oligodendrocyte-myelin sheath complex. It is also encountered preceding or accompanying primary, secondary, or toxin-induced demyelination, and is not specific to NMO. 23, [30] [31] [32] Creutzfeldt-Peters cells, which are reactive astrocytes with fragmented nuclear inclusions (micronuclei) identifiable by light microscopy, 33 were absent in NMO/NMOSD biopsies. These cells are a frequent but not universal pathologic finding in active MS lesions. 33 Micronuclei originate from chromosomes that do not attach properly to the spindle apparatus during mitosis and fail to be included in the daughter nuclei, but are enclosed by the nuclear membrane. 34 Micronuclei are a marker of clastogenor aneugen-induced chromosomal instability and cells containing micronuclei are commonly found in cancer. 35 Micronuclei are also induced by inflammation and oxidative stress in preneoplastic or non-neoplastic conditions. 25, 36 The presence of Creutzfeldt-Peters cells in MS but not NMO suggests that different inflammatory or oxidative environments may exist in MS and NMO. Alternatively, Creutzfeldt-Peters cells in MS may reflect astrocyte proliferation, whereas their absence in NMO may reflect astrocyte death or compromise.
Among the 3 AQP4 loss NMO/NMOSD biopsies with available cortex, none had cortical demyelination. This is consistent with previous studies that reported cortical demyelinating lesions as a characteristic of MS but not NMO. 37, 38 A cerebral presentation occurred in 7 of 17 NMO/ NMOSD patients, and prompted brain biopsy in 6. Brain involvement, as initial event, 13 or at relapse, 12, 14 is now recognized and included among the diagnostic criteria for NMO/NMOSD. 10, 39 Despite increasing awareness in the clinical community, the diagnosis of NMO/NMOSD is still overlooked, especially when brain involvement precedes episodes of TM or ON. Furthermore, supraspinal and spinal lesions are similar pathologically, 4,26 providing an additional means of diagnosing NMO/NMOSD with initial brain presentations when brain biopsy tissue is available.
Many patients in this report underwent diagnostic biopsy to exclude neoplasm. 21, 27 Furthermore, AQP4-IgG testing was performed after biopsy in all patients, and in several cases there was a long interval between symptom onset, biopsy, AQP4-IgG serologic testing, and eventual NMO/NMOSD diagnosis, stressing the importance of considering NMO in the differential diagnosis of a tumefactive brain or spinal cord lesion. AQP4-IgG testing may avert biopsy and avoid the use of potentially aggravating therapies if these patients are erroneously treated for MS. 40 Whether AQP4-IgG seronegative NMO has a similar pathology to seropositive NMO is unknown, and will require the careful analysis of such cases, should they become available.
Although future studies on a larger cohort are needed to validate AQP4 immunohistochemistry as a specific marker for the diagnosis of NMO on neurosurgical biopsy, our findings underscore the importance of recognizing several unusual findings in a biopsy of active demyelinating disease, including the presence of dystrophic astrocytes, myelin vacuolation, granulocytes, and vascular hyalinization, which should prompt the neuropathologist to perform immunohistochemistry for AQP4, as well as recommend AQP4-IgG serologic testing to exclude a diagnosis of NMO/NMOSD.
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